Colloidal synthesis of CuIn 0.75 0.75 0.75 Ga 0.25 0.25 0.25 Se 2 2 2 nanoparticles and their photovoltaic performance DOI 10.1515/phys-2016-0046 Received Aug 30, 2016 accepted Oct 14, 2016 Abstract: This paper addresses the possibilities of synthesizing copper indium gallium selenide nanoparticles with properties that are desired in photovoltaics. The use of oleylamine as solvent and capping agent improved the growth and dispersivity of stoichiometric CuIn 0.75 Ga 0.25 Se 2 nanoparticles through conventional colloidal synthesis. Relatively small sized CuIn 0.75 Ga 0.25 Se 2 nanocrystals were assembled in devices as quantum dot sensitized solar cells and exhibited electrical properties with a fill factor of 33% which may be improved for any photovoltaic application.
Introduction
Copper metal chalcogenides are one of the prominent materials used for photovoltaic applications. The optical, structural and electrical properties of these materials can be tuned in order to overcome the factors currently limiting the improvement of solar cell technology [8, 9, 11, 15, 22, 25] . Copper indium gallium selenide (CIGSe) materials are I-III-VI p-type semiconductors with higher optical absorption coefficients making them beneficial for solar applications [20, 29] .
Polycrystalline CIGSe films are mostly prepared by simultaneous or sequential evaporation of the four constituent elements onto the substrate. The film is thus formed in single or multiple steps. This method is more successful and promising when performed under vacuum [14, 26, 28] . Another prevalent technique for film preparation is electrodeposition, consisting of the precipitation of metals from salt-containing electrolyte solutions and their deposition on the cathode surface when the applied potential exceeds the standard reduction potential of the ions. However CIGSe film preparation via this method proves to be very difficult due to the challenge of reaching the desired stoichiometry of the metals from different salts in a common solvent [3, 7, 24] . Much work has been done on bulk CIGSe films possessing the band gap energy between 1.04 and 1.70 eV from which the state-of-the-art fabricated solar cells can achieve 20% efficiency [5, 12, 13, 23] . Recently, researchers have been focusing on the synthesis of nano-sized CIGSe and other quaternary quantum dots with the aim to improve the efficiency of the solar cells beyond 20% and to reduce the cost by using less material. [30] synthesized CISe and CIGSe via a precipitative method. Indium (III) chloride, copper (I) chloride and gallium (III) chloride were heated in a polyol solution in which they were reduced to metal particles. Elemental Se was then added to the solution to form CISe and CIGSe which were then dissolved in ethanol and precipitated by the nucleation process to form the nanocrystals. [10] employed a solvothermal method in which Cu, In, GaCl 3 , and Se were added to ethylenediamine in an au-toclave at 230 ∘ C for 24 h. A single CIGSe phase was obtained after washing the product with water and drying it at 100 ∘ C. Particles with diameters of less than 100 nm were found in strong agglomerations. Although rigorous control is needed, the introduction of defined concentrations of indium and/or gallium in copper selenide might render the semiconducting materials more susceptible to property improvement [2, 6, 18, 22] . Ternary chalcogenides such as CISe can possess a defined stoichiometry but with several crystalline structures where the distribution of copper and indium have different possible orderings [27] . The addition of a Se precursor to oleylamine (OLA) as a capping agent affects the crystal structure of CISe. Sphalerite and chalcopyrite phases were obtained by injection of Se to and along with the mixture of other precursors in OLA [11] . Similar processes can be followed to add one more element, gallium for instance, to CISe in order to obtain a quaternary chalcopyrite material with enhanced properties. [17] employed the arrested precipitative technique to control the addition of Cu to Cd(SSe [16, 22, 28] . In this work we report the synthesis of CuIn 0.75 Ga 0.25 Se 2 via the conventional colloidal method and the study of the dispersivity and reduction of nanoparticle size. We further investigated the possibilities of utilising synthesized nanoparticles in order to improve their properties and photovoltaic capabilities.
Experimental
Copper (I) chloride (CuCl, 97%), indium chloride (InCl 3 , 98%), gallium chloride (GaCl 3 , 99.99%), selenium powder (Se, 99.99%), TiO 2 (Dyesol), ethane dithiol (EDT, 95%), tri-n-octylphosphine (TOP, 97%), hexadecylamine (HDA, 98%), oleylamine (OLA, 98%), oleic acid (OA, analytical standard), acetonitrile (99.99%), hexane (95%), methanol (99.9%), ethanol (99.9%) and acetone (99.8%) were used as purchased from Sigma Aldrich, South Africa. 
Colloidal synthesis of CIGSe nanoparticles

Characterization of materials
The optical measurements of the synthesized materials were determined using an Analytica Jena Specord 5D UVvis Spectrophotometer. The samples were dispersed in toluene and placed in a quartz cuvette. A Perkin Elmer LS45 fluorescence spectrophotometer was used to analyze the photoluminescence of the nanocrystals by dissolving the samples in chloroform and placing them in a quartz cuvette. The structural properties were determined using Bruker a D2 Phaser X-ray diffractometer on crushed samples and the TEM images of nanoparticles were determined using a FEI G 2 Tecnai spirit transmission electron microscope. The FTIR spectra were recorded using a Perkin Elmer 400 spectrometer at room temperature in the wavenumber range of 650 to 4000 cm −1 . The thin films and devices were fabricated via ethane dithiol (EDT) treatment following the optimized procedure for CISe as detailed elsewhere [16] . A schematic of the quantum dot sen- sitized solar cell (QDSSC) device is shown in Fig. 1 below. The surface morphology of the film was determined using a Veeco 3100 SPM atomic force microscope (AFM). The surface image was formed through the deflection of a laser beam focused on a micrometer wide silicon cantilever as it scanned across the CIGSe sample in tapping mode. The optical images of the surface were obtained from an Olympus BX51-P Polarizing optical microscope. The J-V curve was obtained by connecting the FTO and Pt electrodes of the assembled device to an Eco Chemie Autolab PGSTAT 10 potentiostat under standard AM 1.5 conditions using a 150 W Xe lamp as the light source and appropriate filters. The polychromatic light intensity at the electrode position was calibrated to 100 mW cm −2 with a silicon photodiode from 1830-C Newport Optical Power Meter.
Results and discussion
Structutal and optical properties of synthesized of CIGSe nanoparticles
The main variable in the synthesis was the solvent. HDA, OLA and a 3:1 ratio of OLA/OA were used as solvents while other parameters were kept constant for synthesis of CuIn 0.75 Ga 0.25 Se 2 . XRD spectra (Fig. 2) showed that the particles synthesized in both OLA and HDA were indexed with tetragonal CIGSe crystalline orientations and confirmed that the particles were nano-sized crystallites. Additional phases were observed when OA was mixed with OLA. This is due to the carboxylic group allowing for different particle growth and crystallinity as different capping sites were created. The secondary peaks may be influenced by the binary or ternary compounds formed as impurities alongside the CIGSe particles. The nanoparticle morphologies were observed from the TEM coupled with EDS (Fig. 3) . The use of HDA as coordinating solvent led to nanoparticles in agglomeration while their synthesis in OLA or OLA/OA gave well dispersed CIGSe. The particle size distribution of CuIn 0.75 Ga 0.25 Se 2 synthesized in OLA was from about 2 to 20 nm with the average of 6.5 nm (Fig. 3d) , showing that the Ostwald ripening effect occurred as the nanoparticles mature from nucleation during the synthesis. OLA/OA favoured the formation of relatively small CIGSe nanoparticles which tended to self-assemble into features with diameters above 50 nm. Nearly pyramidal, spherical and heaxgonal shapes were respectively obtained from HDA, OLA and OLA/OA. This may result in different properties to be utilised in various applications. The size and functional groups of those solvents may play a role in this behaviour. Since the molecular weight of OLA is greater than that of HDA, the vibration and swelling properties of OLA would be less than those form HDA. While the amine group is expected to play a similar role in both HDA and OLA, the particular effect of OLA can be attributed to the double bond giving each OLA the possibility to bend the molecular chain creating a high attraction towards growing particles during synthesis and therefore decreasing the space in which the particles should grow. The EDS analysis proved that copper indium gallium selenide nanoparticles were synthesized. The Carbon (not shown on the graph), chorine and the excess of copper detected here originated from the copper grid, its lacy carbon, the solvent used to disperse the particles and the ligands adsorbed onto the surface of CIGSe particles. The atomic percentages of Cu, In, Ga and Se were respectively found at 55.9, 24.0, 7.7 and 12.4% while their corresponding theoretical values are 25.2, 18.7, 6.5 and 49.6%. Although the relative atomic percentages could not match with the expected values due to the copper grid used, the Ga and In contents indicated that the expected stoichiometric CuIn 0.75 Ga 0.25 Se 2 nanoparticles were obtained from the colloidal synthesis. [19] reported similar analysis for the MoBi 2 Se 5 chalcogenide through EDS. The atomic percentages of Mo, Bi and Se were respectively 12.40, 34.45 and 52.55%. These values relatively matched the theoretical composition of MoBi 2 Se 5 .
The absorption and emission spectra of synthesized CIGSe nanoparticles are shown in Fig. 4 . CuIn 0.75 Ga 0.25 Se 2 prepared in OLA showed pronounced optical characteristics with a band edge and maximum emission peak at 525 and 625 nm respectively as compared to the HDA and OLA/OA counterparts which possessed respectively redshifted band edges at 550 and 625 nm and maximum emissions at 645 and 685 nm. This is due to the high dispersion and relatively small particle size encountered in the material synthesized in OLA compared to the HDA counterpart. The energy curves (Fig. 4 inset) gave band gaps of 1.72, 1.78 and 1.90 eV respectively for particles synthesized with OLA/OA, HDA and OLA as solvents. The OLA synthesized CIGSe particles had a higher energy gap than those from OLA/OA and HDA syntheses. This confirms the good structural properties as discussed earlier. In other respects, OA brought more competition between the amine and the carboxylic group as responsible for attachment of the ligands to metals.
Furthermore, the presence of carboxylic groups allows for assembly of the formed nanoparticles to yield the hexagonal-like aggregates. Such aggregates could not be observed when OLA was the only coordinating solvent used in the synthesis of CIGSe nanoparticles under the same conditions. Fig. 5 shows a typical FTIR spectrum of OLA synthesized nanoparticles. The main functional groups of OLA, -CH=CH-and -NH 2 were also depicted in the CIGSe sample. It may therefore be obvious to confirm that the nanoparticles were indeed formed through OLA as the coordinating agent. The adsorption of solvent molecules onto the surface of the CIGSe nanoparticles was effective. The resulted ligands play a major role for usage of the CIGSe nanoparticles in many applications. This includes the interaction of CIGSe thin film with other layers in solar cell devices.
Assembly of photovoltaic device
The surface of the CIGSe film was examined by AFM and optical microscope (Fig. 6 ). The CIGSe film had a roughness that was not consistent throughout the surface of the film. The average roughness was 150 nm and the CIGSe particles could be found agglomerated with the average aggregate size of 200 nm. The film was formed by larger building blocks of CIGSe particles deposited on top of one another and thus creating more grain boundaries that can influence the charge recombination within the device. [21] reported the difference of J/V spectra from grain to grain bringing a high density of defect states at the CIGSe surface. The authors suggested a preferential oxidation of particular grains, which passivated the defect levels at the surface of the film. While this phenomenon could contribute to multiple exciton generation to a certain extent, the charge recombination processes might forbid electrons to move from the active layer to the electrodes and therefore compromise the role of the assembled device as QDSSC. The device assembled as QDSSC from synthesized CIGSe particles showed electrical properties in comparison with the reference N719 dye sensitized solar device fabricated under same the conditions (Fig. 7) . The short circuit current density (Jsc) and open circuit voltage (Voc) were 0.168 mA cm −2 and of 0.162 V respectively in the QDSSC device. Although a relatively good FF of 33% could be obtained in the assembled device from CIGSe film possessing a band gap energy of 1.93 eV (Fig. 6d) , poor electric properties were observed, leading to a very small PCE. Several factors might be held responsible for the poor performance of the device, especially for the fact that the reference N719 showed similar trends, with Voc, Jsc, FF and PCE of 600 mV, 0.471 mA cm −2 , 41% and 0.35% respectively. The quality of the film did not favour a good transfer of electrons from the absorber to the wide band gap layer of TiO 2 . Although EDT was used as ligand exchange molecules, the attachments of CIGSe particles on the TiO 2 surface could not be optimized. The thickness of the film is also an important parameter in the fabrication of the device. [1] studied the effect of thickness of CdSe film on the properties of a solar cell device. The authors found that increasing the thickness of CuSe film from 548 to 856 nm improved the PCE from 0.27 to 0.62% respectively. The role of the electrolyte could be another consideration as this regenerates the charge in the absorbing layer. The couple I − /I − 3 should be permanently stable in the device in order for this last to perform better. However the electrolyte could leak anytime within the working conditions.
Conclusions
Relatively small sizes of copper indium gallium selenide nanoparticles were obtained through CCM. Monitoring the parameters of synthesis such as the solvent system can allow the formation of well dispersed and relatively small size copper indium gallium selenide nanoparticles with improved optical and structural properties. Despite the poor performance, the trial of device assembly demonstrated that the synthesized CuIn 0.75 Ga 0.25 Se 2 materials possess photovoltaic activities which may further be improved.
